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Figure 10. Relationship between salinity and seawater 20, in both iCESM and the GISS database. Color shading indicates the model year of the simulation.
Circles indicate GISS data and triangles iICESM output. Note that iICESM output has been subsampled to match the latitudes/longitudes/times coneisigo

to GISS data points; bestt regressions for GISS and iCESM are plotted as black and red lines, respectively. (a) Tropical P§25°S25°N, 90°E 90°W), (b) North
Paci ¢ (30..70°N, 90°E.90°W), and (c) North Atlantic (0.70°N, 100°W60°E).

Another key metric of oceanic isotopic performance is the relationship between salinity and tht’0 of sea-
water (Figure 10). The two variables are known to covary substantially (Conroy et al., 2014; LeGrande &
Schmidt, 2006), and *?0 is therefore often considered to be a proxy for salinity (e.g., Thompson et al.,
2011). The ability of iCESM1 to capture the relationship between the two variables is evaluated in
Figure 10, by subsampling iCESM1 output at the nearest grid point to each GISS database entry over the
appropriate month and year. ICESM1 is generally able to well capture the salinitﬂﬁo relationship in both

the Atlantic and Paci ¢, although the slope appears systematically shallower in iCESM in most regions.
Mismatches in slope are largest in the North Pact, which could arise from issues with the simulation of
storm track dynamics as noted above. Some of these mismatches may also arise from undersampling of
internal variability in observations, as noted by Stevenson et al. (2018). Additionally, there is a systematic
trend toward weaker slopes with time in the North Atlantic salinity: 120 relationship; the causes for this
trend are unclear, but may represent an inuence from anthropogenically driven climate changes.

3.4. Coupled Applications

Coupled isotopeenabled simulations are crucial tools in many areas of paleoclimate studies, both for bench-
marking climate models and investigating fundamental questions in climate dynamics. This is particularly
obvious in cases where the objective is to understand the response of modes of coupled climate variability to
external forcing, which requires a coupled modeling framework in order to properly evaluate the dynamics
responsible for generating signals observed in the paleoclimate record. Examples of such studies include the
response of ENSO to external forcings (e.g., volcanic, solar, GHGs, ice sheets, meltwater; Anchukaitis et al.,
2010; Liu, Wen, et al., 2014; Mann et al., 2005; Meehl et al., 2006; Stevenson et al., 2016; Zhu et al., 2017b),
abrupt climate changes and role of the Atlantic Meridional Overturning Circulation (e.g., Bakker et al., 2016;
Liu et al., 2009; OttoBliesner & Brady, 2010), the response of monsoons and hydroclimate to climate for-
cings (e.g., ; Liu, Lu, et al., 2014; OttBliesner et al., 2014), and the role of changing orbital cogurations

in altering the expression of these and other modes of variability (e.g., Karamperidou et al., 2015; Lu & Liu,
2018). Here we present analyses demonstrating the value of the coupled aurration of ICESM1 for both
modern and paleoclimate applications.

The isotopic expression of the ENSO in iICESM1 is shown in Figure 11; the regression patterns of precipita-
tion amount (contours) and 20 of precipitation (colors) on the Nifio3.4 index (5°$°N, 120.170°W aver-
age SST) are quite different. The model shows similar spatial pattern to previous forced atmospheric
simulations (e.g., Hoffmann et al., 1998; Noone & Simmonds, 2002) and within the Stable Water Isotope
Intercomparison Group version 2 archive (Conroy et al., 2013). Distinctions between precipitation and its
isotopic composition are particularly apparent in the subtropics and higher latitudes, where precipitation
180 exhibits substantial ENSOnduced variability in the near absence of changes in precipitation amount
(consistent with previous work, e.g., Hurley et al., 2019; Moerman et al., 2013). The dynamics of these effects

BRADY ET AL.

13


https://orcid.org/0000-0001-7833-2249
https://orcid.org/0000-0002-1223-8521
https://orcid.org/0000-0002-6584-0663
https://orcid.org/0000-0002-8642-7843
https://orcid.org/0000-0002-4370-3537
http://data.giss.nasa.gov/o18data/






https://doi.org/10.1029/2010GL044843
























https://doi.org/10.1002/1099-1085(20000615)14:8%3c1357::AID-HYP986%3e3.0.CO;2-7




~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE.

Journal of Advances in Modeling Earth Systems 10.1029/2019MS001663

Bosilovich, M. G. (2002). On the vertical distribution of local and remote sources of water for precipitatidfeteorology Atmospheric
Physics80(1.4), 31 41.

Boyer, T. P., Antonov, J. I., Baranova, O. K., Coleman, C., Garcia, H. E., Grodsky, A., et al. (2013). In S. Levitus (Ed.), A. Mishonov,
Technical EdVorld Ocean Database 201BIOAA Atlas NESDIS, (Vol.72). Silver Spring, MD: NOAA 209 pp. http://doi.org/10.7289/
V5NZ85MT

Buenning, N., Noone, D., Riley, W., Still, C., & White, J. (2011). Imences of the hydrological cycle on observed intannual variations in
atmospheric C3%0. Journal of Geophysical Researdi6 G04001. https:/doi.org/10.1029/2010JG001576

Caley, T., & Roche, D. (2013).180 water isotope in the ILOVECLIM model (version 1.Q) Part 3: A palaeoperspective based on present
day data model comparison for oxygen stable isotopes in carbonat€eoscientic Model Developmens(5), 1505.1516. https://doi.org/
10.5194/gmd6 15052013

Cobb, K., Charles, C., Cheng, H., & Edwards, R. (2003). El Nifio/Southern Oscillation and tropical Padilimate during the last mil-
lennium. Nature, 424, 271 276.

Cobb, K., Charles, C. D., Cheng, H., Edwards, R. L., Sayani, H. R., & Westphal, N. (2013). Highly variable El ISifiathern Oscillation
throughout the Holocene.Science339 67..70. http://doi.org/10.1126/science.1228246

Conroy, J. L., Cobb, K. M., LynctStieglitz, J., Polissar, P. J. (2014). Constraints on the salinityygen isotope relationship in the central-
tropical Paci ¢ Ocean.Marine Chemistry 161, 26..33. https://doi.org/10.1016/j.marchem.2014.02.001

Conroy, J., Cobb, K. M., & Noone, D. (2013). Comparison of precipitation isotope variability across the tropical Rati observations and
SWING2 model simulationsJournal of Geophysical Research: Atmosphgeté8§ 5867 5892. https://doi.org/10.1002/jgrd.50412

Craig, H. (1961). Isotopic variations in meteoric water§ciencel333465), 17021703. https://doi.org/10.1126/science.133.3465.1702

Craig, H., & Gordon, L. (1965). Deuterium and oxygeh8 in the ocean and the marine atmosphere. In E. Tongiorgi (EdStable isotopes in
oceanographic studies and paleotemperatyi@p. 9..130). Spoleto, Italy: Consiglio Nazionale delle Ricerche, Laboratorio di Geologia
Nucleare.

Danabasoglu, G., Bates, S. C., Briegleb, B. P., Jayne, S. R., Jochum, M., Large, W. G., et al. (2011). The CCSM4 ocean codmanahbf
Climate, 25(5), 1361.1389. https://doi.org/10.1175/JCLD 11 00091.1

Danabasoglu, G., Bates, S. C., Briegleb, B. P., Jayne, S. R., Jochum, M., Large, W. G., et al. (2012). The CCSM4 ocean codmonahaf
Climate, 25(5), 1361.1389. https://doi.org/10.1175/JCLD 11 00091.1

Dansgaard, W. (1964). Stable isotopes in precipitatiorellus 16(4), 436 468. https://doi.org/10.1111/j.2153490.1964.tb00181.x

Dansgaard, W., Johnsen, S. J., Clausen, H. B., Ddhhsen, D., Gundestrup, N. S., Hammer, C. U., et al. (1993). Evidence for general
instability of past climate from a 250kyr ice core record.Nature, 3646434), 218220.

Dee, S., Noone, D., Buenning, N., Emil&eay, J., & Zhou, Y. (2015). SPEEDER: A fast atmospheric GCM with water isotope physics.
Journal of Geophysical Research: Atmosphet@§ 73.91. https://doi.org/10.1002/2014JD022194

Dee, S. G., Nusbaumer, J., Bailey, A., Russell, J. M., Le&.JKonecky, B. L., et al. (2018). Tracking the strength of the Walker Circulation
with stable isotopes in water vaporJournal of Geophysical Research: Atmosphet@8 7254 .7270. https://doi.org/10.1029/
2017JD027915

Delaygue, G., Jouzel, J., & Dutay, €. (2000). Oxygen 1&alinity relationship simulated by an oceanic general circulation modeEarth
and Planetary Science Letters7§1 2), 113.123. https://doi.org/10.1016/S001821X(00)0007 3%

Dominguez, F., MiguezMacho, G., & Hu, H. (2016). WRF with water vapor tracers: A study of moisture sources for the North American
Monsoon.Journal of Hydrometeorologyl7(7), 1915.1927. https://doi.org/10.1175/JHMD 15 0221.1

Dyer, E. L. E., Jones, D. B. A., Nusbaumer, J., Li, H., Collins, O., Vettoretti, G., & Noone, D. (2017). Congo Basin precipitation: Assessing
seasonality, regional interactions, and sources of moistudaurnal of Geophysical Research: Atmosphet@g 6882 6898. https://doi.
0rg/10.1002/2016JD026240

Epstein, S., Mayeda, T. (1953). Variation of'®content of waters from natural sourcesGeochimica et Cosmochimica Act¥(5), 213224.

Epstein, S., Sharp, R. P., & Gow, A. J. (1965). Sigar Record of Oxygen and Hydrogen Isotope Variations in South Pole Fidournal of
Geophysical Research)(8), 1809.1814.

Evans, M. N., TolwinskiWard, S. E., Thompson, D. M., & Anchukaitis, K. J. (2013). Applications of proxy system modeling in high
resolution paleoclimatology Quaternary Science Reviews, 16.28. http://doi.org/10.1016/j.quascirev.2013.05.024

Field, R. D.,Kim, D., LeGrande, A. N., Worden, J., Kelley, M., & Schmidt, G. A. (2014). Evaluating climate model performance in the tropics
with retrievals of water isotopic composition from Aura TESGeophysical Research Lettedd, 6030.6036. https://doi.org/10.1002/
2014GL060572

Galewsky, J., Steeharsen, H. C., Field, R. D., Worden, J., Risi, C., & Schneider, M. (2016). Stable isotopes in atmospheric water vapor and
applications to the hydrologic cycleReviews of Geophysiégl, 809 865. https://doi.org/10.1002/2015RG000512

Gat, J. R. (2000). Atmospheric water balanceThe isotopic perspectiveHydrological Processeb4(8), 1357.1369. https://doi.org/10.1002/
10991085(20000615)14:8<1357::AIBYP986>3.0.CO;Z7

Gent, P. R., Danabasoglu, G., Donner, L. J., Holland, M. M., Hunke, E. C., Jayne, S. R, etal. (2011). The Community Climate System Model
version 4.Journal of Climate 24, 4973 4991.

Guan, J., Liu, Z., Wen, X., Brady, E., Noone, D., Zhu, J., & Han, J. (2016). Understanding the temporal slope of the temperatater
isotope relation during the deglaciation using isoCAM3: The slope equatioiburnal of Geophysical Research: Atmosphet@g,
10,34210,354. https://doi.org/10.1002/2016JD024955

Heinrich, H. (1988). Origin and consequences of cyclic ice rafting in the Northeast Atlantic Ocean during the past 130,000 years.
Quaternary Researci29(2), 142 152. https://doi.org/10.1016/003%894(88)9005D

Hoffmann, G., Werner, M., & Heimann, M. (1998). Water isotope module of the ECHAM atmospheric general circulation model: A study
on timescales from days to several yeadournal of Geophysical Researd®3D14), 16,87116,896. https://doi.org/10.1029/98JD00423

Hu, J., Emile Geay, J., Nusbaumer, J., & Noone, D. (2018). Impact of convective activity on precipitatii')?O in isotope enabled general
circulation models.Journal of Geophysical Research: Atmosphet@8 13,595.13,610. https://doi.org/10.1029/2018JD029187

Hunke, E. C. (2010). Thickness sensitivities in the CICE sea ice mod@tean Modelling34(3.4), 137.149.

Hurley, J. V., Vuille, M., & Hardy, D. R. (2019). On the Interpretation of the ENSO Signal Embedded in the Stable Isotopic Composition of
Quelccaya Ice Cap, Perulournal of Geophysical Research: Atmosphet@g(1), 131.145.

Hurrell, J. W., Holland, M. M., Gent, P. R., Ghan, S., Kay, J. E., Kushner, P. J., et al. (2013). The Community Earth System Model: A fra-
mework for collaborative researchBulletin of the American Meteorological Socig®#(9), 1339.1360. https://doi.org/10.1175/BAMD
1200121.1

IAEA/WMO (2016). Global Network of Isotopes in Precipitation (GNIP). Vienna, Austria. Retrieved from http://wwwaweb.iaea.org/
napc/ih/IHS_resources_gnip.html

BRADY ET AL.

17











https://doi.org/10.1029/2012GL054331
https://doi.org/10.1029/GL013i002p00121
https://doi.org/10.1029/2003GL017023
https://doi.org/10.1029/2006GL026011
https://doi.org/10.1029/2008PA001610
https://doi.org/10.1017/S0022143000042751
https://doi.org/10.5194/cp-6-325-2010
https://doi.org/10.1038/nature13963
https://doi.org/10.1126/science.1171041



https://doi.org/10.1051/jcp/1971680625
https://doi.org/10.1175/JCLI-3276.1
https://doi.org/10.1029/2001JD900255
https://doi.org/10.1007/s00382-005-0098-0
https://doi.org/10.1029/JC084iC08p05029
https://doi.org/10.1038/nature11789
https://doi.org/10.1029/2007JD008892
https://doi.org/10.1175/JCLI-D-11-00582.1
https://doi.org/10.1029/2002JD002262
https://doi.org/10.1029/2017JD028081
https://doi.org/10.1002/2016MS000839
https://doi.org/10.1002/2016MS000839
https://doi.org/10.1016/j.quascirev.2009.07.004
https://doi.org/10.1175/BAMS-D-14-00233.1
https://doi.org/10.1038/20859
https://doi.org/10.1029/2002gb001878
https://doi.org/10.1029/2009JD013255
https://doi.org/10.1029/2011JD016621
https://doi.org/10.5194/gmd-6-1481-2013
https://doi.org/10.1016/j.quascirev.2014.07.020
https://doi.org/10.5194/cp-9-1543-2013
https://doi.org/10.5194/cp-9-1543-2013
https://doi.org/10.1016/S0016-7037(97)00169-5
https://doi.org/10.1029/98GL50866
https://doi.org/10.1029/98GL50866
https://doi.org/10.1029/1999PA900025



https://doi.org/10.1002/2016GL069796
https://doi.org/10.1002/qj.374
https://doi.org/10.1029/2012GL052759
https://doi.org/10.1007/s00382-017-3573-5
https://doi.org/10.1029/2017PA003304
https://doi.org/10.1029/2017PA003304
https://doi.org/10.1029/JC080i009p01133
https://doi.org/10.1029/2018JD028424
https://doi.org/10.1029/2018JD028424
https://doi.org/10.5194/cp-9-789-2013
https://doi.org/10.1029/2011GL048224
https://doi.org/10.1029/2008JD010825
https://doi.org/10.1002/2013JD020968
https://doi.org/10.1002/2013JD020968
https://doi.org/10.1029/2009WR008558
https://doi.org/10.1016/S0921-8181(01)00084-4
https://doi.org/10.1126/science.1064618
https://doi.org/10.5194/gmd-9-647-2016
https://doi.org/10.1029/2011JD015681
https://doi.org/10.1029/2011JD015681
https://doi.org/10.1002/2016MS000842
https://doi.org/10.1126/science.1059412
https://doi.org/10.1073/pnas.1704512114
https://doi.org/10.1073/pnas.1704512114
https://doi.org/10.1002/2017GL073406
https://doi.org/10.1002/2017GL076253

~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Journal of Advances in Modeling Earth Systems 10.1029/2019MS001663

Oleson, K. W., Lawrence, D. M., Bonan, G. B., Flanner, M. G., Kluzek, E., Peter, J., et al. (2010). Technical description of version 4.0 of the
Community Land Model (CLM). Boulder: National Center for Atmospheric Research.

Otto Bliesner, B. L., & Brady, E. C. (2010). The sensitivity of the climate response to the magnitude and location of freshwater forcing: Last
Glacial Maximum experiments. Quaternary Science Reviews, 29(1 2), 56 73. https://doi.org/10.1016/j.quascirev.2009.07.004

Otto Bliesner, B. L., Brady, E. C., Fasullo, J., Jahn, A., Landrum, L., Stevenson, S., et al. (2016). Climate Variability and Change since 850
CE: An Ensemble Approach with the Community Earth System Model. Bulletin of the American Meteorological Society, 97, 735 754.
https://doi.org/10.1175/BAMS D 14 00233.1

Otto Bliesner, B. L., Russell, J. M., Clark, P. U., Liu, Z., Overpeck, J. T., Konecky, B., et al. (2014). Coherent changes of southeastern
equatorial and northern African rainfall during the last deglaciation. Science, 346,1223 1227.

Paul, A., Mulitza, S., Patzold, J., & Wolff, T. (1999). Simulation of oxygen isotopes in a global ocean model. In Use of Proxies in
Paleoceanography, (pp. 655 686). Berlin, Heidelberg: Springer.

Petit, J. R., Jouzel, J., Raynaud, D., Barkov, N. I., Barnola, J. M., Basile, 1., et al. (1999). Climate and atmospheric history of the past 420,000
years from the Vostok ice core, Antarctica. Nature, 399(6735), 429 436. https://doi.org/10.1038/20859

Riley, W., Still, C., Torn, M., & Berry, J. (2002). A mechanistic model of HO and C1800 uxes between ecosystems and the atmosphere:
Model description and sensitivity analyses. Global Biogeochemical Cycles, 16(4), 1095. https://doi.org/10.1029/2002gb001878

Risi, C., Bony, S., Vimeux, F., & Jouzel, J. (2010). Water stable isotopes in the LMDZ4 general circulation model: Model evaluation for
present day and past climates and applications to climatic interpretations of tropical isotopic records. Journal of Geophysical Research,
115, D12118. https://doi.org/10.1029/2009JD013255

Risi, C., Noone, D., Worden, J., Frankenberg, C., Stiller, G., Kiefer, M., et al. (2012). Process evaluation of tropospheric humidity simulated
by general circulation models using water vapor isotopologues: 1. Comparison between models and observations. Journal of Geophysical
Research, 117, D05303. https://doi.org/10.1029/2011JD016621

Roche, D. M. (2013). 180 water isotope in the iLOVECLIM model (version 1.0) Part I: Implementation and veri cation. Geoscienti ¢
Model Development, 6(5), 1481 1491. https://doi.org/10.5194/gmd 6 1481 2013

Roche, D. M., Paillard, D., Caley, T., & Waelbroeck, C. (2014). LGM hosing approach to Heinrich event 1: Results and perspectives from
data model integration using water isotopes. Quaternary Science Reviews, 106, 247 261. https://doi.org/10.1016/j.quascirev.2014.07.020

Russon, T., Tudhope, A. W., Hegerl, G. C., Collins, M., & Tindall, J. (2013). Inter annual tropical Paci c climate variability in an isotope
enabled CGCM: Implications for interpreting coral stable oxygen isotope records of ENSO. Climate of the Past, 9(4), 1543 1557. https://
doi.org/10.5194/cp 9 1543 2013

Kim, S.&hyphen;T., & O'Neil, J. R. (1997). Equilibrium and nonequilibrium oxygen isotope effects in synthetic carbonates. Geochimica et
Cosmochimica Acta, 61, 16, 3461 3475. ISSN 0016 7037. https://doi.org/10.1016/S0016 7037(97)00169 5

Schmidt, G. A. (1998). Oxygen 18 variations in a global ocean model. Geophysical Research Letters, 25(8), 1201 1204. https://doi.org/
10.1029/98GL50866

Schmidt, G. A. (1999). Forward modeling of carbonate proxy data from planktonic foraminifera using oxygen isotope tracers in a global
ocean model. Paleoceanography, 14(4), 482 497. https://doi.org/10.1029/1999PA900025

Schmidt, G. A., Hoffmann, G., Shindell, D. T., & Hu, Y. (2005). Modelling atmospheric stable water isotopes and the potential for con-
straining cloud processes and stratosphere troposphere water exchange. Journal of Geophysical Research, 110, D21314. https://doi.org/
10.1029/2005JD005790

Schmidt, G. A, LeGrande, A. N., & Hoffmann, G. (2007). Water isotope expressions of intrinsic and forced variability in a coupled ocean
atmosphere model. Journal of Geophysical Research, 112, D10103. https://doi.org/10.1029/2006JD007781

Singh, H. A, Bitz, C. M., Nusbaumer, J., & Noone, D. C. (2016). A mathematical framework for analysis of water tracers: Part 1
Development of theory and application to the preindustrial mean state. Journal of Advances in Modeling Earth Systems, 8, 991 1013.
https://doi.org/10.1002/2016MS000649

Singh, H., Donohoe, A., Bitz, C. M., Nusbaumer, J., & Noone, D. C. (2016). Greater moisture transport distances with warming amplify
interbasin salinity contrasts. Geophysical Research Letters, 43, 8677 8684. https://doi.org/10.1002/2016GL069796

Smith, R., P. Jones, B. Briegleb, F. Bryan, G. Danabasoglu, J. Dennis, et al.. 2010. The Parallel Ocean Program (POP) Reference Manual,
Ocean Component of the Community Climate System Model (CCSM). Tech. Rep., Los Alamos National Laboratory Tech. Rep. LAUR
10 01853.

Sodemann, H., Wernli, H., & Schwierz, C. (2009). Sources of water vapour contributing to the Elbe ood in August 2002 A tagging study
in a mesoscale model. Quarterly Journal of the Royal Meteorological Society, 135(638), 205 223. https://doi.org/10.1002/qj.374

Stevenson, S. (2012). Signi cant changes to ENSO strength and impacts in the 21st century: Results from CMIP5. Geophysical Research
Letters, 39, L17703. https://doi.org/10.1029/2012GL 052759

Stevenson, S., Capotondi, A., Fasullo, J., & Otto Blisener, B. (2016). Forced changes to twentieth century ENSO diversity in a last millen-
nium context. Climate Dynamics, 52(12), 7359 7374. https://doi.org/10.1007/s00382 017 3573 5

Stevenson, S., Powell, B., Cobb, K., Nusbaumer, J., Merri eld, M., & Noone, D. (2018). Twentieth century seawater o) dynamics and
implications for coral based climate reconstruction. Paleoceanography and Paleoclimatology, 33, 606 625. https://doi.org/10.1029/
2017PA003304

Stewart, M. K. (1975). Stable isotope fractionation due to evaporation and isotopic exchange of falling waterdrops: Applications to atmo-
spheric processes and evaporation of lakes. Journal of Geophysical Research, 80, 1133 1146. https://doi.org/10.1029/JC080i009p01133

Tabor, C. R, Otto Bliesner, B. L., Brady, E. C., Nusbaumer, J., Zhu, J., Erb, M. P., et al. (2018). Interpreting precession driven 180 varia-
bility in the South Asian monsoon region. Journal of Geophysical Research: Atmospheres, 123, 5927 5946. https://doi.org/10.1029/
2018JD028424

Tharammal, T., Paul, A., Merkel, U., & Noone, D. (2013). In uence of LGM boundary conditions on the global water isotope distribution in
an atmospheric general circulation model. Climate of the Past, 9(2), 789 809. https://doi.org/10.5194/cp 9 789 2013

Thompson, D. M., Ault, T. R., Evans, M. N., Cole, J. E., & Emile Geay, J. (2011). Comparison of observed and simulated tropical climate
trends using a forward model of coral 80. Geophysical Research Letters, 38, L14706. https://doi.org/10.1029/2011GL048224

Tindall, J. C., Valdes, P. J., & Sime, L. C. (2009). Stable water isotopes in HadCMa3: Isotopic signature of El Nifio Southern Oscillation and
the tropical amount effect. Journal of Geophysical Research, 114, D04111. https://doi.org/10.1029/2008JD010825

Tremoy, G., Vimeux, F., Soumana, S., Souley, 1., Risi, C., Favreau, G., & Oi, M. (2014). Clustering mesoscale convective systems with laser
based water vapor delta O 18 monitoring in Niamey (Niger). Journal of Geophysical Research: Atmospheres, 119, 5079 5103. https://doi.
0rg/10.1002/2013JD020968

Vachon, R. W., Welker, J. M., White, J. W. C., & Vaughn, B. H. (2010). Moisture source temperatures and precipitation 20 temperature
relationships across the United States. Water Resources Research, 46, W07523. https://doi.org/10.1029/2009WR008558

BRADY ET AL.

19



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


https://doi.org/10.1002/2016GL069796
https://doi.org/10.1002/qj.374
https://doi.org/10.1029/2012GL052759
https://doi.org/10.1007/s00382-017-3573-5
https://doi.org/10.1029/2017PA003304
https://doi.org/10.1029/2017PA003304
https://doi.org/10.1029/JC080i009p01133
https://doi.org/10.1029/2018JD028424
https://doi.org/10.1029/2018JD028424
https://doi.org/10.5194/cp-9-789-2013
https://doi.org/10.1029/2011GL048224
https://doi.org/10.1029/2008JD010825
https://doi.org/10.1002/2013JD020968
https://doi.org/10.1002/2013JD020968
https://doi.org/10.1029/2009WR008558

~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Journal of Advances in Modeling Earth Systems 10.1029/2019MS001663

Wadley, M., Bigg, G., Rohling, E., & Payne, A. (2002). On modelling present day and last glacial maximum oceanic 20 distributions.
Global and Planetary Change, 32(2 3), 89 109. https://doi.org/10.1016/50921 8181(01)00084 4

Wang, Y. J., Cheng, H., Edwards, R. L., An, Z. S., Wu, J. Y., Shen, C. C., & Dorale, J. A. (2001). A high resolution absolute dated Late
Pleistocene monsoon record from Hulu Cave, China. Science, 294(5550), 2345 2348. https://doi.org/10.1126/science.1064618

Werner, M., Haese, B., Xu, X., Zhang, X., Butzin, M., & Lohmann, G. (2016). Glacial interglacial changes in H,'®0, HDO and deuterium
excess Results from the fully coupled ECHAMS5/MPI OM Earth system model. Geoscienti ¢ Model Development, 9(2), 647 670.
https://doi.org/10.5194/gmd 9 647 2016

Werner, M., Langebroek, P. M., Carlsen, T., Herold, M., & Lohmann, G. (2011). Stable water isotopes in the ECHAMS5 general circulation
model: Toward high resolution isotope modeling on a global scale. Journal of Geophysical Research, 116, D15109. https://doi.org/
10.1029/2011JD015681

Wong, T., Nusbaumer, J., & Noone, D. C. (2017). Evaluation of modeled land atmosphere exchanges with a comprehensive water isotope
fractionation scheme in version 4 of the Community Land Model (CLM4). Journal of Advances in Modeling Earth Systems, 9, 978 1001.
https://doi.org/10.1002/2016MS000842

Zachos, J. C., Pagani, M., Sloan, L., Thomas, E., & Billups, K. (2001). Trends, global rhythms, aberrations in global climate 65 Ma to present.
Science, 292(5517), 686 693. https://doi.org/10.1126/science.1059412

Zhang, J., Liu, Z., Brady, E. C., Jahn, A, Lindsay, K., Oppo, D. W., et al. (2017). Asynchronous warming and 80 evolution of deep Atlantic
water masses during the last deglaciation. Proceedings of the National Academy of Sciences, 114(42), 11,075 11,080. https://doi.org/
10.1073/pnas.1704512114

Zhu, J., Liu, Z., Brady, E., Otto Bliesner, B., Zhang, J., Noone, D., et al. (2017b). Reduced ENSO variability at the LGM revealed by an
isotope enabled Earth system model. Geophysical Research Letters, 44, 6984 6992. https://doi.org/10.1002/2017GL073406

Zhu, J., Liu, Z., Brady, E. C., Otto Bliesner, B. L., Marcott, S. A., Zhang, J., et al. (2017a). Investigating the direct meltwater effect in ter-
restrial oxygen isotope paleoclimate records using an isotope enabled Earth system model. Geophysical Research Letters, 44,
12,501 12,510. https://doi.org/10.1002/2017GL076253

BRADY ET AL.

20


https://doi.org/10.1016/S0921-8181(01)00084-4
https://doi.org/10.1126/science.1064618
https://doi.org/10.5194/gmd-9-647-2016
https://doi.org/10.1029/2011JD015681
https://doi.org/10.1029/2011JD015681
https://doi.org/10.1002/2016MS000842
https://doi.org/10.1126/science.1059412
https://doi.org/10.1073/pnas.1704512114
https://doi.org/10.1073/pnas.1704512114
https://doi.org/10.1002/2017GL073406
https://doi.org/10.1002/2017GL076253

